Background {#Sec1}
==========

Although the cat flea *Ctenocephalides felis* is considered to be the predominant flea species found on both cats and dogs worldwide \[[@CR1]-[@CR3]\], the prevalence of *Ctenocephalides canis* appears to be greater than previously believed in many regions \[[@CR1],[@CR4]\]. *C. canis* is the predominant flea species of dogs in eastern and central European countries \[[@CR5]-[@CR10]\]. Even in areas where *C. felis* appears to be predominant like in Western Europe, representing 80% or more of species identified on dogs, the prevalence of *C. canis* in dog populations may still be as high as 10-20% \[[@CR11]-[@CR13]\]. In a recent survey, Beugnet et al. found 12.5% of French flea infested dogs to be infested by *C. canis* and 21.4% of German flea infested dog to harbor *C. canis* \[[@CR14]\].

The present study was conducted in order to determine the efficacy of a new topical spot-on combination containing both permethrin and fipronil against the dog flea, *C. canis*. Several marketed ectoparasiticides have already a known efficacy on *Ctenocephalides canis* \[[@CR15]\] and are used regularly to control fleas on dogs \[[@CR1]\]. This new combination is intended to control fleas, ticks, mosquitoes, sandflies and biting flies on dogs. The potential benefits of such a combination against fleas could be an insecticidal effect related to both permethrin and fipronil, which could increase the speed of kill, but also a knock-down repellent effect linked to permethrin. To demonstrate the possible speed of kill, the study design presented here assessed the flea numbers on dogs at 1 and 6 h post flea-challenge. This combination could also potentially maintain its efficacy level against less susceptible flea strains to one of its compound, a combined decrease of efficacy to two insecticides having completely different modes of action being really unlikely \[[@CR1],[@CR15]\].

The repellent activity against fleas is controversial \[[@CR16]\]. Repellency *sensu stricto* is well defined by a fly-away effect which is characterized in flying insects (mosquitoes, sandflies, flies). It is usually calculated by the measurement of an anti-feeding effect observed after 1 hour of exposure to treated animals \[[@CR16],[@CR17]\]. The repellency *sensu lato* includes effects on insects or acarians infesting their hosts but leaving it quickly. It can be related to an irritant effect by contact, or a behavioral signal to prevent attachment or bite and leave. The first is described with permethrin and ticks, the second with amitraz and ticks \[[@CR16]\]. Fleas jump to infest their host, therefore, we can hypothesize that any repellent effect will follow a contact with a treated skin. Based on what is known for ticks, the irritant effect of permethrin, probably linked with a knock-down effect, would induce fleas to fall off their host. As it has been described for ticks, the design of the study included the possibility to count the fleas on the ground plate of each dog after 1 or 6 hours of exposure, therefore allowing to estimate a percent of repellency *sensu lato* \[[@CR17]\].

Methods {#Sec2}
=======

Study design {#Sec3}
------------

The study was designed in accordance with the "World Association for the Advancement of Veterinary Parasitology (W.A.A.V.P.) guidelines for evaluating the efficacy of parasiticides for the treatment, prevention and control of flea and tick infestation on dogs and cats" \[[@CR17]\] and was conducted in accordance with Good Clinical Practices as described in International Cooperation on Harmonisation of Technical Requirements for Registration of Veterinary Medicinal Products (VICH guideline 9). All animals were managed similarly, with due regard for their well-being and in compliance with Merial Ethics Committee and applicable French regulations and requirements.

The study was a negative control, efficacy study using a randomized block design with blocks based on pre-treatment live flea counts. Each dog was an experimental unit and was treated and assessed for the study variables on an individual basis. Included dogs had not been treated with ectoparasiticides (either topical or systemic) within 3 months of the start of the study. The animals were housed individually and each group was housed separately to prevent contact between animals in the different groups.

Twelve dogs (nine females and three males) weighing 9.4 to 12.6 kg were ranked based upon their flea holding capability and allocated to the untreated control group (6 dogs) or to the Frontect® treated group (6 dogs). The dogs were treated on Day 0, and flea challenged on days 2, 7, 14, 21 and 28 (see below). They were observed hourly during 4 hours after treatment to identify any adverse events, and then they were observed daily for any clinical change.

Treatment {#Sec4}
---------

The topical combination of fipronil and permethrin (Frontect®, Merial) contains 6.76% w/v fipronil and 50.48% w/v permethrin to deliver a minimum dose of 6.76 mg/kg fipronil and 50.48 mg/kg permethrin. For dogs weighing \> 5 to 10 kg, 1 mL was applied, while 2 mL was applied to dogs weighing \>10 to 20 kg. The product was applied as directed on the label, in two spots, on the back at the base of the neck in front of the shoulder blades and on the middle of the neck between the base of the skull and the shoulder blades. Application at these sites prevents oral ingestion of the product.

Parasites {#Sec5}
---------

A wild strain of *C. canis* isolated in 2008 from hunting dogs in the area of Montesquieu-Volvestre (Haute-Garonne, France) was used. The strain has been maintained under laboratory conditions since that time. The strain is not known to be resistant to known ectoparasiticide.

Flea infestations and counts {#Sec6}
----------------------------

To assess efficacy, the 12 dogs were infested on Days 2, 7, 14, 21 and 28. After each flea infestation, the dogs were comb-examined to collect and count live, moribund and dead fleas at 1 h post-infestation (PI), and then again at 6 h and 24 h. At 1 h and 6 h, the live fleas were placed back on their dog.

Dead fleas are easily identified because they are immobile. The moribund fleas were defined as dying fleas, which where trembling, convulsing and were not able to move normally. Moribund fleas were added to the dead fleas for the evaluation of efficacy, which takes into account the number of live fleas on dogs, following the WAAVP as well as registration agencies guidelines \[[@CR17]\].

To assess the repellency *sensu lato*, live, moribund and dead fleas were also collected on the liners in each cage at 1 h PI and 6 h PI.

Data analysis {#Sec7}
-------------

Insecticidal efficacy (based on live flea counts) was calculated at 1, 6 and 24 h PI using the Abbott's formula, as recommended by WAAVP guidelines \[[@CR17]\]. Both arithmetic and geometric means were calculated, but the Geo means giving a better central tendency, they were used to calculate the % of efficacy. Counts of live adult fleas were transformed to the natural logarithm of (count + 1) for calculation of geometric means by treatment group at each time point. Percent reduction from the corresponding control mean was calculated using the formula: % efficacy = \[(C -- T) / C\]\*100, where C = geometric mean for the control group, and T = geometric mean for the treated group.

Repellent efficacy (% repellency) was calculated at 1 h PI based on numbers of fleas collected on the liner, whatever their status (dead, moribund or live). Percent repellency was calculated using the formula: % repellency = \[(L / F)\*100\], where L = number of fleas collected on the liner at 1 h PI, and F = total number of fleas collected from the liner and the dogs.

Based on the fact that the number of dogs was the same in each group and that each dog was infested by 100 fleas, the corrected repellent efficacy (% corrected repellency) was calculated using the formula: % corrected repellency = % repellency~TG~ -- % repellency~CG~, where % repellency~TG~ = % repellency observed in Treated Group (TG) and % repellency~CG~= % repellency observed in the Control Group (CG).

Statistical analysis used the Wilcoxon rank sum test with continuity correction. The residues of the model cannot have a normal distribution, mainly because there is no variation in the data from Control Group. The statistical analysis was performed using R language \[[@CR18]\].

Results {#Sec8}
=======

Dogs administered a single topical treatment with Frontect® had significantly (*p* ≤ 0.01) lower flea counts than untreated controls at every counting time point (i.e., 1, 6 and 24 h). The percent insecticidal efficacy, as assessed by live flea counts on dogs, was ≥99.1% at 6 and 24 h through the last infestation on Day 28 (Table [1](#Tab1){ref-type="table"}). The 1-hour counts also showed good efficacy of 96.5%, 98.9%, 92.0%, 70.2% and 55.7% on Days 2, 7, 14, 21 and 28, respectively.Table 1**Efficacy of a fipronil-permethrin combination (Frontect®) against** ***Ctenocephalides canis*** **flea challenges in dogsCounts on dogs at 1 h post-infestation (PI)GroupsDay 2Day 7Day 14Day 21Day 28Treated (6 dogs)**GM2.970.987.0923.8939.08**Control (6 dogs)**GM84.9888.9989.1280.2388.26*p*value0.0049220.0047720.0049980.0049980.01027**%Efficacy96.598.992.070.255.7Counts on dogs at 6 h PI**Day 2Day 7Day 14Day 21Day 28**Treated**GM0.000.000.000.000.74**Control**GM73.2281.6481.0168.1079.91*p*value0.0027250.0027780.0027780.0027250.004698**%Efficacy100.0100.0100.0100.099.1Counts on dogs at 24 h PITreated**GM0.000.000.000.000.00**Control**GM66.7677.6373.6164.3276.30*p*value0.0027780.0027250.0027780.0027780.002778**%Efficacy100.0100.0100.0100.0100.0**GM = geometric mean. Table lines in Bold = Result lines highlighted.

The corrected repellency observed at 1 h PI was 86.5%, 94.9%, 79.5%, 58.4% and 43.9% on Days 2, 7, 14, 21 and 28, respectively (Table [2](#Tab2){ref-type="table"}).Table 2**Repellent efficacy of a fipronil-permethrin combination against** ***Ctenocephalides canis*** **determined by numbers of fleas removed from the cage liner at 1 h post-infestation of dogsDay 2Day 7Day 14Day 21Day 28**Treated Group (6 dogs)Total number of fleas (collected on dogs + liners)525529436482511Total number of fleas collected on liner (dead)472 (427)501 (498)359 (313)291 (150)231 (191)% Repellency89.9%94.7%82.3%60.4%42.2%Control Group (6 dogs)Total number of fleas (collected on dogs + liners)534540556502540Total number of fleas collected on liners (dead)18 (18)4 (4)16 (16)10 (10)7 (7)% Repellency3.4%0.7%2.9%2.0%1.3%**% Corrected repellency at 1 h PI\*86.5%94.0%79.5%58.4%43.9%**\*PI: Post Infestation. Table lines in Bold = Result lines highlighted.

A significant repellency effect (*p* \< 0.05) was achieved by 1 h post-infestation for a full month. It was linked with an important mortality, ranging from 82.7% to 99%, of these repelled fleas.

One control dog demonstrated erythema and alopecia on the back of the tail between Days 3 and 16 due to flea allergy and was treated topically with chlorhexidine spray. No adverse events were observed following treatment.

Discussion {#Sec9}
==========

Treatment of dogs with the new fipronil-permethrin topical combination provided effective control (≥99%) of the dog flea for 4 weeks after treatment. This rate of control is above the threshold requested to get the indication on the label. Overall, efficacy is similar to that obtained on *C. canis* with fipronil, where 99.6% and 100% efficacy was observed for 37 days after treatment \[[@CR4],[@CR19]\]. Spinosad administered orally following United States labeling (at doses ranging from 31.65 to 54.85 mg/kg) has been shown to have good 24-hour efficacy for 3 weeks only \[[@CR20]\].

More interesting, the efficacy \> 99% was seen as early as 6 h post-infestation, which is earlier than the conventional timing of flea counts done at 24 or even at 48 h. The results of the current study highlight the speed of kill provided by the combination of the two active ingredients. In the present study, the insecticidal efficacy was ≥ 96.5% when evaluated 1 h after infestation during the first week, and 92% up to and including Day 14. Such a significant start of kill at 1 h and almost complete at 6 h, during a month, is most probably related to an added effect of both permethrin and fipronil acting together on different targets. The high efficacy observed on Day 2 following treatment on Day 0 is an indication that both active ingredients translate across the skin of the dogs within 24 h.

In addition, repellency *sensu lato* was significant for the full month with a peak of 94.0% observed on Day 7. This repellent effect is most probably due to the known mode of action of permethrin \[[@CR15]\]. The definition and calculation of repellency is sometimes controversial \[[@CR15],[@CR16]\]. It is commonly assessed on mosquitoes, sandflies or biting flies by the evaluation of the feeding rate at 1 h after exposure of dogs under a net (VICH Guideline 9). It could be evaluated for fleas or ticks by counting dead and live arthropods on the animal compared to the control, when efficacy is only based on live counts, or it can be evaluated by the numbers of arthropods found off the host. In the latter case, the design should allow the collection of fleas/ticks out of the animals. It cannot be performed a long time after exposure due to the risk to lose the fleas or ticks, which can be scratched or ingested by the animals, defiled urine or feces, or simply disappeared. The design of this study allowed the collection of fleas in the liner of the cage of each dog, but due to this risk of bias, the authors considered that the evaluation at 1 h PI was better than at 6 h PI. The design of the study allowed confirmation that repellency *sensu lato* can be assessed on fleas and does exist at a significant level. The repellency is linked with a mortality rate which was not negligible. In the treated group, compared to the control one, the majority of fleas that fell off the dogs were already dead (82.7 to 99%), but not all, demonstrating a combination of both knock-down and insecticidal effects (Table [2](#Tab2){ref-type="table"}). This mortality rate is of epidemiological importance as the repelled fleas will not be able to re-infest their host.

Conclusions {#Sec10}
===========

This study demonstrates the beneficial effect of the fipronil and permethrin combination against the dog flea, providing both a repellent and insecticidal effect as early as 1 h post infestation for a full month, and a speed of kill above 99% at 6 h during a month. The benefit of the repellency and speed of kill in the control of fleas will be obvious by a quick visible effect for both the veterinarians and the dog owners.
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